Infrared spectroscopy is assessed as a technique for identifying polymers derived from fungal cell walls, both as isolated materials and in mixtures with one another. The technique is then applied to a study of the composition of fungal cell walls and the conclusion reached that infrared spectra provide a rapid and valuable indication of the major components of such walls. They can also be used to follow the effect of chemical treatments designed to separate major wall components.
I. INTRODUOTION
Methods for studying the chemical composition of fungal cell walls have been summarized by Aronson (1965) and the structural chemistry offungal polysaccharides has been reviewed by Gorin and Spencer (1968b) . Recent methods have included analysis of the products of enzymic and chemical hydrolysis of cell walls isolated either by mechanical means or chemical treatment (Bartnicki-Garcia 1966; Aronson, Cooper, and Fuller 1967) and identification of cell wall components by means of X-ray diffraction (Kreger 1967 ) and nuclear magnetic resonance spectroscopy (Gorin and Spencer 1968a) .
Infrared spectroscopy has been used to demonstrate the presence of cellulose and chitin in the extracted walls of a number of fungi (Michell and Scurfield 1967) and as "corroborative evidence for glucan heterogeneity in oomycete walls" (Aronson, Cooper, and Fuller 1967) . This paper is concerned with the extent to which infrared spectroscopy can be used to identify other fungal cell wall polymers. The results are relevant to the recent conclusion of Bartnicki-Garcia (1968) that "Powder X-ray diffraction continues to be the most reliable single technique for identifying cell wall polymers ... Infrared spectroscopy may be used as an auxiliary technique for distinguishing chitinous walls from non-chitinous ones."
II. MATERIALS AND METHODS
Infrared spectra of the following reference substances were determined:
These were homopolymers derived from the cell walls of the yeasts Saccharomyces cerevisiae (Peat, Whelan, and Edwards 1961) , S. carlsbergensis (Behrens and Cabib 1968) , Candida albicans (Yu et al. 1967) , and Trichosporon aculeatum (Gorin, Mazurek, and Spencer 1968) . An extracellular mann an produced by the yeast Rhodotorula glutinis (Gorin, Horitsu, and Spencer 1965) was also examined.
(ii) Glucans (I) <x-Glucans.-These consisted of glycogen (Peat, Whelan, and Edwards 1955) and nigeran (Johnston 1965) .
(2) f3-Glucans.-The nature and orrgm of most of these are listed by Clarke and Stone (1963) . They included crown gall and Mycoplasma glucans, paramylon, cellulose I from wood, amorphous cellulose produced by fine grinding of cellulose I, pustulan, laminarans from Laminaria digitata, L. cloustoni, and Eisenia bicyclis, oat and barley glucans, lichenin, lutean, and glucans derived from Saccharomyces cerevisiae cell walls, sclerotia of Poria cocos, Polyporus myllitae, and Lentinus tuber-regium and the culture medium of Claviceps fusiformis (Buck et al. 1968) .
(iii) <x-Chitin, Chitosan, and Casein
The <x-chitin and chitosan were the same as those used previously (Michell and Scurfield 1967) . The casein was a commercial sample.
The possibility of distinguishing the components in mixtures of the above substances from an examination of their spectra was investigated. The mixtures prepared were related, as far as possible, to published chemical analyses of fungal celJ walls (references cited by Bartnicki-Garcia 1968 The glucan and mannan referred to in the above list were derived from Saccharomyces cerevisiae cell walls Edwards 1958, 1961) .
Spectra of the following compounds were examined for evidence of the effect of chemical linkage between two of the components: a galactomannan derived from Trichosporon fermentans (Gorin and Spencer 1968a) , two glycoprotein fractions (2A and 2B) from the cell walls of Pithomyces chartarum (Sturgeon 1964) , and a chitin-protein complex from the scraped larval cuticle of Oalliphora sp. (Rudall 1967) . They were compared with the spectra of 1 : 1 mixtures of the two components in each case, and of the components taken singly.
The spectra of various residues derived from fungi were examined in the light of the results for the reference materials with a view to obtaining some indication of their chemical composition. The residues were derived from Oeratocystis ulmi, Phytophthora cinnamomi, and species of Pythium and Epicoccum, following extraction of their mycelia successively with KOH, glacial acetic acid-hydrogen peroxide, and H 2S04 . The spectra of the residues derived from the last three species had been examined by us on a previous occasion (Michell and Scurfield 1967) . The spectra of water-washed cells of the yeasts Saccharomyces cerevisiae, Pichia membranaeformis, Schizosaccharomyces malidevorans, Oandida mycoderma, and Rhodotorula rubra were also examined. The water-washed cells of Saccharomyces cerevisiae were then subjected to the extraction procedures outlined by Aronson and Preston (1960a , 1960b ) and Bell and N orthcote (1950 . The spectra of residues obtained after each stage of these procedures were examined for evidence of the efficacy of these treatments. A sample of cell wall material isolated mechanically (Phaff, personal communication) served as a standard.
Materials, other than those derived from the cell walls of Phytophthora, Pythium, and Epicoccum (see above), were enclosed in potassium bromide disks. The spectra (4000-250 cm-1 ) were determined using a Perkin-Ehner model 457 spectrophotometer.
III. RESULTS AND DISCUSSION

(a) Mannans
The spectra of mannans derived from yeasts are shown in Figure 1 . Mannans from Saccharomyces cerevisiae and S. carlsbergensis gave identical spectra, a result in accord with their structural similarity.
Of the features common to all the yeast spectra the band in the region 812-805 cm-1 is the most interesting. Barker, Bourne, and Whiffen (1956) claimed that it was characteristic of both a;-and , 8-mannans and Marchessault (1962) ., its presence in the spectra of polysaccharide mixtures as indicative of mannan. Marchessault's conclusion is confirmed by the occurrence of this band in the spectra of mixtures of Saccharomyces mannan with cellulose I, oc-chitin, laminaran, or casein {Fig. 1). It likewise occurs in the spectrum of Trichosporon fer men tans galactomannan ( Fig. 1 ) and in that of the glycoprotein fraction 2A (Fig. 5 ) isolated from Pithomyces chartarum by Sturgeon (1964) . Some differences between the yeast mannan spectra are evident, but these do not appear to reflect the nature of the linkages or the degree of branching of the mannans. For example, the Rhodotorula glutinis extracellular mannan is linear and contains fi-l,3-and fi-l,4.linked mannopyranose residues (Gorin, Horitsu, and Spencer 1965) , whereas the mannan from Saccharomyces cerevisiae is highly branched and seems to be built of a backbone chain of oc-l,6-linked mannose units with side chains of oc-l,2 and oc-l,3 linkages (Stewart, Mendershausen, and Ballou 1966) . The broad band centred at 1530 cm-1 in the spectrum for Oandida albicans mannan suggests the presence of protein impurity (see below), such impurity possibly being responsible also for the covering up of a band in the region of 900 cm-1 . The spectrum of Trichosporon aculeatum mannan is distinguished by sharp peaks at 1260 cm-1 and 617 cm-1 and that of the Rhodotorula mannan by a band at 740 cm-1 , a broad band centred on 885 cm-I, and the absence of a band in the region 975-965 cm-1.
(b) Ghwans
The spectra in Figure 2 show that both glycogen and nigeran absorb at c. 930 and 850 cm-i . In addition, a band occurs at 760 cm-i in the glycogen spectrum, and at 790 cm-i in the nigeran spectrum. According to Barker, Bourne, and Whiffen (1956) , a band at 850 cm-i is characteristic of the spectra of polysaccharides having the rx-configuration, bands at 930 and 760 cm-i are features of the spectra of a-1,4-linked glucans, and a band at 787 cm-i is a feature of the spectra of rx-1,3-linked glucans. It is noteworthy, therefore, that the spectrum of nigeran-a linear glucan in which a-1,4-linkages alternate with a-1,3-linkages (Barker, Bourne, and Stacey 1953)-contains no band at 760 cm-i .
The spectrum of a 1 : 1 mixture of glycogen and cellulose I (Fig. 2 ) largely resembles that of cellulose I (Fig. 3) . However, in this spectrum the characteristic cellulose band at 895 cm-i is overlain and absorption takes place over a broad region centred on 850 cm-i , as well as at 760 and 702 cm-i . Similarly, the spectrum of a 1 : 1 mixture of niger an and rx-chitin ( Fig. 2 ) is very much like that of a-chitin ( (ii) f3-Glucans
The spectra of some linear f3-glucans having only one type of linkage between residues and of some others having more than one type of linkage are shown in Figure 3 .
All the spectra show a band at 890 cm-i . This band was listed by Barker, Bourne, and Whiffen (1956) as a characteristic feature of f3-glucan spectra. Apart from this, the cellulose I spectrum is distinguished by strong absorption at 1428 cm-l, a doublet at 1335 and 1315 cm-l, bands at 1058 and 1025 cm-l, as well as no fewer than nine bands in the region between 700 and 250 cm-i . Absorption at or near 2920, 1370, 1248, and 1200 cm-i is noteworthy in the spectra of paramylon and laminaran. The band pattern in the region 1170-890 cm-i appears to be the most useful for distinguishing f3-1,6-glucans such as pustulan and lutean. The spectrum of crown gall glucan is perhaps least distinctive, though the band at 1175 cm-i appears to be significant. This spectrum does not differ significantly from that of the glucan derived from Mycoplasma mycoides.
As regards the spectra of glucans which contain more than one type of linkage, those of barley glucan and lichenin resemble the spectrum of oat glucan. The spectra of laminarans derived from Laminaria cloustoni, L. digitata, and Eisenia bicyclis are indistinguishable from one another. In other words, spectra give little indication of the differences known to exist between the cereal glucans and lichenin in respect to the relative proportions of f3-1,3-and f3-1,4-linkages in their chains (references cited by Clarke and Stone 1963). Nor is there any indication ofthe fact that Eisenia laminaran is linear, has f3-1,3-and f3-1,6-linkages in the ratio of 2 : 1, and is mannitol-free, while laminarans from Laminaria spp. consist of mannitol-or glucose-terminated chains of f3-1,3-and possibly a few f3-1,6-linked residues joined by occasional f3-1,6-interchain linkages (references cited by Bull and Chesters 1966 It is possible, however, to obtain some indication of the predominant type of linkage present in ,S-glucans which contain more than one type of linkage from an examination of their spectra. Thus, the spectrum of laminaran (a predominantly ,8-1,3-glucan) resembles that of paramylon, the spectrum of lutean (a predominantly ,S-1,6-glucan) resembles that of pustulan, and the spectrum of oat glucan (a predominantly ,8-1,4-glucan) resembles that of amorphous cellulose. Mention of amorphous cellulose rather than cellulose I emphasizes that isolated glucans are likely to differ in crystallinity as well as in the type of linkage which they contain. The effects of such differences in crystallinity might be gauged from a comparison of the spectra of amorphous cellulose and cellulose I shown in Figure 3 . The intensities of the bands at 1428 and 1110 cm-I are much less, and the intensity of the band at 895 cm-1 is greater, in the spectrum of amorphous cellulose. This spectrum also differs from that of cellulose I in the region 700-300 cm-I . These results confirm those of Nelson and O'Connor (1964) . They also suggest that differences between the spectra of the laminarans and paramylon could be explained in terms of the lower crystallinity of the laminarans, since bands at 1410, 1l05, and 1000 cm-I in the paramylon spectrum are either very much weaker in, or absent from, the spectra of the laminarans. The spectra, shown in Figure 4 , of certain f1-glucans derived from fungi can be interpreted in terms of the above conclusions. Without exception, the spectra suggest that f1-1,3-linkages are likely to be the predominant ones in the glucans. This is especially true of yeast glucan and of the residue (yeast hydroglucan) obtained from it by treatment with boiling 2% hydrochloric acid (Houwink and Kreger 1953) . The spectra of these compounds duplicate the spectrum of paramylon more closely than any other, a result which is consistent with the finding of identical X-ray patterns for yeast "hydroglucan" and paramylon (Kreger and Meeuse 1952) . The spectrum of Poria cocos glucan is intermediate between the spectra of paramylon and laminaran, whilst those of the other glucans appear to resemble the laminaran spectrum more closely. The differences probably reflect differences in crystallinity of the glucans. Varying intensities of absorption in the region 1550-1535 cm-1 in several of the spectra are believed to be related to the presence of protein as an impurity (see below).
The spectra of cellulose I + mannan and of laminaran + mannan are shown in Figure 1 . Nearly all the peaks characteristic of cellulose I persist in the former spectrum, although some are less clear; the region 560-398 cm-1, for example, is relatively featureless. The spectrum of laminaran + mannan is very much like that of laminaran, but bands at 915 and 810 cm-I indicate mannan in the mixture. The spectrum of cellulose I + laminaran leaves no doubt as to the presence of cellulose in the mixture. However, it gives little indication of the nature of the additional component since this merely produces changes in the intensities of characteristic cellulose bands in the spectrum. The same is true of the laminaran + chitin spectrum:
only when the amount of laminaran in the mixture considerably exceeds that of chitin is any indication obtained of its presence.
(c) rx-Chitin, Chitosan, and Protein
Spectra of chitin and chitosan have been published previously (Michell and Scurfield 1967) . In Figure 5 they are extended down to 250 cm-I and, together with a spectrum of casein as a representative protein spectrum, are included for the sake of ease of comparison with the spectra of mixtures.
Bands near 3265, 3105, 1655, 1620, 1550, 953, and 392 cm-I are characteristic of chitin spectra; the band at 1590 cm-I appears to be the most distinctive one for chitosan. In the region 4000-1450 cm -1 the casein spectrum differs only quantitatively from that of chitin except in having a single band centred near 1645 cm-1 , but the spectrum is quite different in the region 1450-250 cm-I where many of the chitin bands arise from vibrations of the sugar backbone.
In the spectrum of a 1 : 1 mixture of chitin and cellulose I (Fig. 5) , bands indicative of the presence of chitin occur at 3265,3105,1655,1620, 1550, and 953 cm-I, though their intensity is in all cases reduced compared with those in the spectrum of chitin alone. The presence of a band at 1428 cm-I and of several bands characteristic of cellulose in the region 690-250 cm-I is sufficient evidence that the mixture includes cellulose I also. However, cellulose becomes increasingly difficult to detect in this way as its degree of crystallinity decreases.
The spectrum of casein + chitin is similar to that of chitin (Fig. 5) . However, the former has distinctive bands at 1440 and 1235 cm-I . That these differences are sufficient to distinguish a spectrum of chitin + protein from one of chitin alone is confirmed by their expression in the spectrum of the larval cuticle chitin-protein complex (Rudall 1967) . The spectra of the Pithomyces glycoproteins 2A and 2B (Sturgeon 1964 ) resemble the spectra of the casein mixtures with laminaran and mannan. Evidently, the mode of linkage between the glycan and protein (if, indeed, they are linked) has little effect on their infrared spectra. These results are wholly in accord with the isolation of glucose as a major product of the hydrolysis of the glycoproteins, the occurrence of mannose in hydrolysates of 2A but not 2B, and the considerable amount of protein nitrogen which they contain (Sturgeon 1964) .
(d) Fungal Cell Wall Composition
Spectra of residues remaining after various chemical treatments had been applied to cell wall material of Phytophthora cinnamomi, Pythium spp., and Epicoccum spp. have been published previously (Michell and Scurfield 1967) . Redetermined spectra are presented in Figure 6 along with that of similarly treated wall material from Ceratocystis ulmi.
In the case of both Phytophthora and Pythium the spectra were interpreted previously as indicating the presence in their walls of cellulose I, albeit of uncertain crystallinity. However, it will be evident from a comparison of the spectra in Figures 3 and 6 that Phytophthora and Pythium walls contain, not only cellulose I, but a laminaran-like glucan also. This conclusion is in accord with the finding of cellobiose, laminarabiose, and gentiobiose amongst the products of hydrolysis of the cell walls of Phytophthora and Pythium spp. (Aronson, Cooper, and Fuller 1967; Bartnicki-Garcia and Lippman 1967) .
In the case of Epicoccum, the spectrum resembles most closely that of a mixture of chitin + laminaran (Fig. 6 ). Our previous tentative suggestion (Michell and Scurfield 1967 ) that cellulose I might be a component of Epicoccum walls has not been substantiated. It has been suggested, on the basis of X-ray diffraction data, that the walls of Ceratocystis ulmi and C. olivacea contain both chitin and cellulose (Rosinski and Campana 1964; Rosinski 1965; Smith, Patik, and Rosinski 1967) . The spectrum (Fig. 6 ) of the residue obtained after extracting the walls of C. ulmi successively with potassium hydroxide, glacial acetic acid-hydrogen peroxide, and sulphuric acid confirms that ex-chitin is indeed a wall component. A mann an (indicated by the band at 815 cm-I ), and ex-and f3-glucans may also be present. The indications are that the f3-glucan is a 13-1,3-rather than a f3-1,4-glucan (cf. the spectrum of C. ulmi in Figure 6 with the spectra of the mixtures ex-chitin + laminaran and ex-chitin + cellulose I). While the presence of a f3-1,3-glucan might be anticipated in view of the almost universal occurrence of such glucans in fungal cell walls, the presence of cellulose cannot be precluded on this evidence alone. If present, however, it must be of low crystallinity or small in amount or both. This matter is being investigated further. Wavenumber (em-I) Fig. 7 .-Spectra of the fungus Saccharomyces cerevisiae before and after various chemical treat· ments: 1, water-washed walls; 2, after extraction with boiling methanol; 3, after treatment with 6% sodium hydroxide; 4, final residue after treatment with hot 6% sodium hydroxide and hot water (Bell and Northcote 1950) ; 5, final residue after treatment with boiling water, methanol, 5% potassium hydroxide, 5% acetic acid, 2% potassium permanganate, 2% oxalic acid, and 0·5N hydrochloric acid (Aronson and Preston 1960a) ; 6, final residue after treatment with 2% potassium hydroxide and 1 : 1 (v/v) mixture of glacial acetic acid and 30% hydrogen peroxide (Aronson and Preston 1960b) ; 7, mechanically isolated cell walls (Phaff, personal communication); 8, synthetic mixture casein + mannan + glucan (1 : 2 : 2).
,8-glucan. Bands centred on 2920, 2850, and 1740 cm-I may arise, in some part, from lipids. This interpretation of the spectrum is in accord with the following facts:
(1) The spectrum of washed cells of Saccharomyces cerevisiae resembles that of mechanically isolated cell walls. Differences such as the greater intensity of the 1530 cm-I band in the former spectrum could be accounted for if the water-washed cells contained a larger amount of protein. (2) Bands at 2850 and 1740 cm-I in the spectra of water-washed cells are weaker in the spectra of such material after extraction with boiling methanol. (3) The spectrum of the cell wall material is almost identical with that of an artificial mixture of yeast glucan, yeast mannan, and casein in a ratio of 2 : 2 : 1. This ratio is an approximation to the reported composition of the cell walls of S. cerevisiae (Northcote and Horne 1952) . (4) The residues remaining after the extraction with alkali of the washed cells of S. cerevisiae, and of the yeasts listed above, give spectra almost identical with that of a ,8-1,3-glucan such as paramylon or laminaran. The major difference is the occurrence in the spectra of the residues of bands at 2850 and 1740 cm-I . The treatment, in other words, was successful in removing protein and mannan, but possibly not lipid.
It follows that spectra can provide not only information about the chemical composition of cells prior to chemical treatment, but can also be used to monitor the effect of treatment. For example, the spectra suggest that stages following the first extraction with 6% sodium hydroxide at 60°C in the procedure used by Bell and Northcote (1950) to isolate yeast glucan produce little further purification of the material. The spectrum of the final residue obtained by this procedure suggests the persistence in it of protein and possibly lipid or chitin or both. Similarly, the complex extraction procedure involving the use of potassium permanganate (Aronson and Preston 1960a) achieves, at least as far as yeast cell walls are concerned, very little more than can be achieved by extraction with 6% potassium hydroxide at 60°C.
IV. CONOLUSIONS
(1) Infrared spectra can be used for indicating the presence of mannans in admixture with ,8-glucans, such as cellulose I or laminaran, or with O(-chitin or protein, and also in heteropolymers such as galactomannans. The spectra cannot, as yet, be interpreted in terms of the type of linkage present or of the degree of branching of the mannans. (2) Infrared spectra can be used for indicating the presence of O(-glucans in admixture with O(-chitin and, with less certainty, cellulose 1. (3) Infrared spectra can be used as aids in characterizing , 8-1,2-, ,8-1,3-, ,8-1,4-, and ,8-1,6 -glucans, and for indicating the nature of the predominant type of linkage, but not the degree of branching, in ,8-glucans containing more than one type of linkage. They can also be used for detecting the presence of ,8-glucans in admixture with certain other substances, but with less certainty than in the cases of mannans in similar mixtures. Some indication might be obtained, for example, of cellulose I in the presence of IX-chitin, but laminaran in admixture with IX-chitin would be much more difficult to detect. In the case of mixtures of two f1-glucans, an indication of the nature of one glucan might be obtained, but rarely the nature of both glucans. Cellulose I, for example, might be detected in the presence of laminaran, but it is doubtful iflaminaran could be detected in the presence of cellulose I. (4) Infrared spectra can be used to distinguish between IX-and f1-chitin (Hackman and Goldberg 1965; Michell and Scurfield 1967) , and to detect IX-chitin in admixture with mannans, IX-or f1-glucans, protein, or lipid. (5) Infrared spectra can be used as a means for recognizing the presence of protein in admixture with either mannan or f1-glucan. The detection of protein in admixture with IX-chitin is less certain~ The validity of the above conclusions regarding the value of infrared spectroscopy as a means for indicating the chemical composition of fungal cell walls is dependent on at least three factors. These are the relative proportions of the wall components, their nature, and degree of crystallinity. Laminaran, for example, is detectable in mixtures with chitin only when the ratio of laminaran : chitin exceeds about 6 : 1. Protein can be detected in the presence of glucans with more certainty than it can in the presence of chitin. Similarly, highly crystalline cellulose I is more readily detected than amorphous cellulose in mixtures with other components. The effect of differences in crystallinity, indeed, is such as to render the extrapolation of conclusions about the limits of detection of components in artificial mixtures to cell walls a doubtful procedure. Possible differences in the grinding properties of the polymers have also to be borne in mind.
Despite these limitations, however, it is evident that infrared spectroscopy affords a relatively rapid and easy means of obtaining an indication of the nature of the major components of fungal cell walls. Its usefulness clearly extends beyond merely distinguishing between species with chitinous and non-chitinous walls. Furthermore, it offers a means of judging the efficacy of chemical treatments designed to separate major wall components.
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